We present structural data on the RI␣ isoform of the cAMP-dependent protein kinase A that reveal, for the first time, a large scale conformational change within the RI␣ homodimer upon catalytic subunit binding. This result infers that the inhibition of catalytic subunit activity is not the result of a simple docking process but rather is a multi-step process involving local conformational changes both in the cAMP-binding domains as well as in the linker region of the regulatory subunit that impact the global structure of the regulatory homodimer. The results were obtained using small-angle neutron scattering with contrast variation and deuterium labeling. From these experiments we derived information on the shapes and dispositions of the catalytic subunits and regulatory homodimer within a holoenzyme reconstituted with a deuterated regulatory subunit. The scattering data also show that, despite extensive sequence homology between the isoforms, the overall structure of the type I␣ holoenzyme is significantly more compact than the type II␣ isoform. We present a model of the type I␣ holoenzyme, built using available high-resolution structures of the component subunits and domains, which best fits the neutron-scattering data. In this model, the type I␣ holoenzyme forms a flattened V shape with the RI␣ dimerization domain at the point of the V and the cAMP-binding domains of the RI␣ subunits with their bound catalytic subunits at the ends.
Many cellular signaling pathways in eukaryotes involve protein kinases, which phosphorylate Ser, Thr, and Tyr residues in a variety of target proteins. The cAMP-dependent protein kinase A (PKA 1 or protein kinase A) is one of the best-studied members of the Ser/Thr protein kinase family. PKA is known to be involved in the regulation of a large number of cellular processes including metabolism, contractile activity, growth, apoptosis, and ion flux (1) . Mutations in PKA can lead to diseases such as Carney complex (2) and lupus (3) . The catalytic (C) subunits of PKA are responsible for catalyzing the phospho-transfer reaction, whereas the regulatory (R) subunits serve both to confer cAMP dependence and to localize the holoenzyme to discrete subcellular locations via interactions with A-kinase anchoring proteins (AKAPs) (4) . At low cAMP concentrations, PKA is maintained as an inactive tetrameric holoenzyme complex (R 2 C 2 ) consisting of a homodimeric R 2 subunit and two C subunits. When intracellular concentrations of cAMP increase in response to specific cellular stimuli, four cAMP molecules bind to each R 2 subunit. This event causes a release of inhibition of C by R, allowing the C subunits to phosphorylate their target proteins.
There are four major isoforms of PKA, types I␣, I␤, II␣, and II␤, which differ with respect to their R subunits (RI␣, RI␤, RII␣, and RII␤, respectively). The isoforms have different biological functions, as determined by genetic studies using mice. For instance, mice lacking the RI␣ gene die in utero (5) , whereas mice lacking the RII␤ gene are viable, lean, and resistant to diet-induced obesity (6) . Despite their differing biological functions, all of the R isoforms share the same domain organization. At the N terminus of each R subunit is a dimerization/docking (D/D) domain that serves both to dimerize and anchor the R subunits to AKAPs. The C terminus of the R subunit consists of tandem cAMP-binding domains. Between the D/D domain and the cAMP-binding domains is a linker region that contains a pseudo-substrate inhibitor region that binds to the active site of the C subunits. Mutagenesis (7) and hydrogen/deuterium exchange experiments (8) have identified the helical subdomain in the more N-terminal cAMP-binding domain (domain A) of RI␣ as an additional region of contact between the R and C subunits. There is high sequence homology between the isoforms in the D/D domain and the cAMPbinding domains, but the linker regions are quite different in length and sequence (9) .
High-resolution structures of the C subunit (10), cAMP-bind-ing domains of RI␣ (11) and RII␤ (12) , and the D/D domains of RII␣ (13) and RI␣ (14) are available and provide important molecular insights into the activation process. The C subunit is a globular, bilobal protein with the active site in a cleft between the lobes. The cAMP-binding domains of the R subunits each consist of a ␤-barrel region that binds cAMP, and a helical region, whereas the D/D domain consists of an antiparallel four-helix bundle. There are no high-resolution structures of the linker regions, which are thought to be relatively flexible in solution (15) . Similarly, there are no high-resolution structures of the full-length R homodimers or holoenzyme complexes, which is likely due to the inherent flexibility of the linker regions. Ultracentrifugation and analytical gel filtration indicate that there are significant structural differences between the isoforms. Specifically, the type II␣ holoenzyme is more elongated than the type I␣. The reported Stokes radii range from 56.8 -60 Å for the type II␣ holoenzyme, and 47.4 -53.8 Å for the type I␣ holoenzyme (16 -18) . This difference in Stokes radii is larger than expected for the relatively small difference in isoform molecular weight. Neutron scattering with contrast variation and deuterium labeling is a useful technique for determining the relative shapes and positions of subunits within a molecular complex. The technique was used previously to investigate the subunit arrangement of the PKA type II␣ holoenzyme (19) . The neutron data and associated modeling revealed an extended dumbbell shape for the holoenzyme, with the C subunits located in the lobes of the dumbbell and separated by ϳ120 Å. To further investigate the structural differences between the PKA isoforms and the conformational changes involved in the activation process, we completed small-angle neutron scattering experiments with contrast variation on the type I␣ holoenzyme with deuterated R subunits. To aid in the interpretation of the scattering data, we built models of the RI␣ holoenzyme using the NMR structure of the RI␣ D/D domain (14) and two previously published models of the RC heterodimer (20, 21) to determine the arrangements of subunits that best fit the contrast series data. The models and the structural parameters derived from the scattering data (R g , d max , and P(r)) indicate that the RI␣ holoenzyme is significantly more compact than the type II␣ holoenzyme studied previously by small-angle neutron scattering with contrast variation (19) as well as a recombinant RII␣ holoenzyme prepared similarly to the RI␣ holoenzyme studied here. The two C subunits in the RI␣ complex are well separated and do not interact with each other, just as in the type II␣ isoform. However, the R subunit homodimer in the type I␣ complex forms a flattened V-shape in contrast to the more extended dumbbell shape seen for the RII␣ homodimer. Interestingly, the RI␣ homodimer is more extended when bound to the C-subunits than when it is free in solution (22) . Our results clearly demonstrate that the interaction of the C subunits with the R subunits plays a critical role in defining the domain organization within the holoenzyme.
MATERIALS AND METHODS
Cloning, Protein Expression, and Purification-To create an isopropyl-1-thio-␤-D-galactopyranoside-inducible construct that makes more efficient use of the expensive deuterated media required to produce deuterated R, the wild-type bovine RI␣ gene was subcloned out of a wild-type RI␣ pUC118 vector into an ampicillin-resistant pRSET vector (Invitrogen) using standard methods. After optimizing media deuteration levels to maximize protein yield, large scale expression was performed in 2 liters of 97% deuterated Martek-9 media and unlabeled Martek-9 media at a 7:3 ratio. Recombinant bovine R (RI␣ and RII␣) was purified from Escherichia coli Bl21-DE3 cells using cAMP-agarose resin (23) and eluted with 25 mM cGMP instead of cAMP. Recombinant, non-myristoylated bovine catalytic subunit was purified from E. coli Bl21-DE3 cells as described previously (24) . Holoenzymes were then reconstituted as described elsewhere (8) .
Small-Angle X-ray Scattering (SAXS) Measurements-The SAXS data were collected using the line source instrument at Los Alamos National Laboratory (25) . Intensity data were reduced to I(q) versus q using standard procedures to correct for detector sensitivity and background signal, and a smearing procedure was used to correct for the slit geometry of the instrument (25) . The SAXS data from the holoenzyme were compared with a lysozyme standard (26) 
the solvent deuteration fraction of the sample, P, can be determined. The D 2 O content of each sample determined in this manner was used throughout the analysis of the data. The SANS data were collected at the Center for Neutron Research at the National Institute of Standards and Technology (Gaithersburg, MD) using the NG-3 30m SANS instrument (27) . A neutron wavelength of 5.5 Å was used with a wavelength spread ⌬/ of 0.26 to provide the maximum flux. Sample and background intensities were collected at sample-to-detector distances of 1.5 and 6 m to obtain data over the required q-range. Data reduction to one-dimensional scattered intensity profiles, I(q) versus q, followed standard procedures to correct for detector sensitivity and sample background (27) . The reduced intensities from the two detector distances were merged using routines included with the data reduction software provided by the National Institute of Standards and Technology.
Small-Angle Scattering Data Analysis-The small-angle scattering intensity profile of monodisperse, identical particles in solution is given by Equation 2,
where (ជ r) is the scattering length density of the particle as a function of position ជ r within the volume V, s is the average scattering length density of the solvent, and ជ q is the momentum transfer, having the magnitude 4(sin)/, where 2 is the scattering angle and is the wavelength. The integration is averaged over all conformations and orientations of the particles in solution, because small-angle solution scattering measures the time-and ensemble-averaged information from all of the particles in the sampled volume.
As shown below in Equation 3,
the inverse Fourier transform of I(q) versus q gives P(r) versus r, the probable distribution of vector lengths, r, between scattering centers within the scattering object. P(r) is readily interpreted in terms of the shape of the scattering object. The indirect Fourier transform algorithm originally described by Moore (28) was used to determine P(r) from I(q).
The boundary conditions P(r)/r ϭ 0 at r ϭ 0 and the maximum linear dimension, d max , are applied to P(r). The contrast series intensity profiles I(q) can be written as a set of linear equations in the three basic scattering functions, i.e. the scattering functions of the labeled and unlabeled components and a cross-term (29, 30) . The P(r) calculated from the cross-term gives the distribution of vector lengths between the labeled and unlabeled components of the complex. A multiple linear regression routine (31) implemented in the C programming language at Los Alamos National Laboratory was used to solve for the three basic scattering functions using the contrast series data. These basic scattering functions were used to derive information on the shapes and relative dispositions of deuterated and non-deuterated components in the system.
Structural Models-Structural models of the isotopically labeled subunits and the overall complex were determined from the SANS data using an algorithm developed at Los Alamos National Laboratory and implemented in the program CONTRAST (32) . This program can take a set of known high-resolution structures, and/or shapes, and find the relative position and orientation of the components that give the best fit to a set of intensity profiles measured in a neutron contrast series. The best fit model structures are generated using a Monte Carlo approach employed previously (19, 25) . To evaluate the quality of the fit of each model to the data, CONTRAST uses the fitting parameter F, as shown below in Equation 4, To simulate the volume occupied by the linker region, cylinders of 8, 10, 12, and 14 Å radii were generated with a volume calculated from the molecular weight of the linker sequence missing from the structures. The cylinders were filled with random points to the same density of points as used by the other structures. The structure was chained together in the sequence RC heterodimer:linker cylinder:D/D domain:linker cylinder:RC heterodimer. All of these structural components were then allowed to rotate freely with respect to each other about their connection points. The angles were chosen randomly with no constraints applied. A 2-fold axis of symmetry about the natural axis of symmetry of dimerization/docking domain was enforced for all models. Two independent runs of CONTRAST were performed per cylinder length for each of the two RC heterodimer models, each testing in excess of 250,000 possible models.
RESULTS

SAXS Data from the Type I␣ and II␣ Holoenzymes-
The small-angle x-ray scattering intensity profiles and associated distance distribution functions, P(r), for the type I␣ PKA holoenzyme (in H 2 O and in D 2 O) and the type II␣ PKA (in H 2 O) holoenzyme, which was similarly prepared for this study, are shown in Fig. 1 . The P(r) functions of the type I␣ holoenzyme in H 2 O and D 2 O are identical within the error of the measurements, indicating that the overall conformation of the holoenzyme is unaltered by D 2 O. All of the samples were free of nonspecific aggregation and the effects of inter-particle interference, as judged by the lack of an upturn or downturn, respectively, in the low q region of the scattering intensity plot. Comparison of the forward scattering (I(0)) intensity with that from a lysozyme standard also supported this conclusion.
The P(r) function for the type I␣ holoenzyme peaks at ϳ40 Å, has a strong shoulder at 112 Å, goes to zero at 150 Å, and is indicative of a bilobal object. The P(r) curve for the type II␣ holoenzyme peaks just below 40 Å with shoulders at 112 and 140 Å and extends out to ϳ210 Å, indicative of a significantly more extended, asymmetric shape. The structural parameters R g and d max , derived from the P(r) plots, are summarized in Table I . Two sets of parameters are given for the type II␣ holoenzyme; one is derived from samples prepared for this study, and the other one is from an earlier study (19) . Although both data sets show a more extended structure than what we see for the type I␣ isoform, the earlier study found an even more extended structure than what we see here for the type II␣ samples reconstituted using the same methods employed for the type I␣ isoform. The samples used in the earlier study of the type II␣ holoenzyme were reconstituted using native, myristoylated C subunits, and a urea unfolding step was used to remove cAMP from R in order to reconstitute holoenzyme, whereas this study used a recombinant, unmyristoylated C subunit and no urea unfolding step. These differences in sample preparation are the likely source of differences in the type II holoenzyme structures. However, both studies show the type II␣ holoenzyme to be significantly more extended than the type I␣ holoenzyme. Thus, our observation of the large isoform differences between the two holoenzymes is not an artifact of the sample preparation conditions. SANS Data, with Contrast Variation, from the Type I␣ Holoenzyme-The intensity profiles collected for the neutron contrast variation series on the type I␣ holoenzyme reconstituted with deuterated R are plotted in Fig. 2 . The quality of the data is good as judged by the counting statistics. The 40 and 80% D 2 O data sets are close to the match points of the unlabeled C and deuterium-labeled R components, respectively. As a result, these two intensity profiles closely match the basic scattering functions for the R and C components within the holoenzyme complex, respectively. The basic scattering functions extracted from the full contrast series data and corresponding to the scattering functions for the deuterated and non-deuterated components in the complex, plus a cross-term, are plotted in Fig. 3A . The P(r) functions derived from the basic scattering functions corresponding to the scattering profiles of the deuterated and non-deuterated components in the holoenzyme are shown in Fig. 3B , and the corresponding structural parameters are presented in Table I along with those derived from SAXS data for the free RI␣ homodimer (22) . As observed previously for the type II␣ holoenzyme (19) , the P(r) curve for the C subunits in the complex shows two well separated peaks, indicating that they are not in contact with each other. The peak at ϳ25 Å resembles the P(r) expected for the isolated C subunit (19) and corresponds to the intermolecular vector lengths within each individual C subunit. The peak at ϳ112 Å corresponds to the inter-atomic distances between the two C subunits in the holoenzyme complex. The areas under the two peaks are the same, as is expected for two identical subunits separated in space. The P(r) of the R dimer in the complex has a peak at ϳ37 Å with a broad shoulder ϳ85-90 Å, indicating a bilobal structure. There is a striking difference between this shape and RI␣ dimer free in solution, which is significantly more compact as evidenced by its P(r), which has a peak at ϳ33 Å, a high shoulder at ϳ80 Å, and goes to zero at 117 Å. Thus, we see that the C subunit binding to the RI␣ homodimer results in increases in R g byϳ10 Å (25%) and d max by 33 Å (28%) ( Table  I) . Taken together, the scattering parameters and the P(r) functions indicate that the RI␣ homodimer undergoes a large extension upon binding C subunits.
Structural Models of the Type I␣ Holoenzyme-Using highresolution structures of the RI␣ D/D domain (14) and the RC heterodimer model (20, 21) connected to the D/D domain by cylinders to represent the linker regions, we developed models for the holoenzyme and tested possible configurations of the components, as described under "Materials and Methods," to find the best fit model to the neutron contrast data. Because there are no structural data available for the linker regions, we evaluated models built with these regions represented as cylinders of varying radii (8 -14 Å; see "Materials and Methods"). The use of RC models instead of the R and C subunits separately vastly reduces the number of models that must be tested computationally. There are two published models for the RC heterodimer (20, 21) that share some similarities but differ in the details of the RC interface. Both models show a similar position for cAMP-binding domain A with respect to C, but rotated by ϳ160°. As a result, in one model the cAMP-binding domain B points away from the C subunit and does not interact (21) , whereas there is a small interaction between domain B and the C subunit in the other (20) . At this time there is insufficient experimental data to distinguish the two models, and we therefore completed the model calculations with each of them independently. The contrast series data are equally well reproduced by the simulated intensity profiles produced using either one. An example set of simulated intensity profiles from a holoenzyme model using the RC heterodimer model described in Ref. 20 and linker cylinders with a 10 Å radius are plotted as curves in Fig. 2 with the contrast series data. The goodness-offit parameter, F, between the neutron data and the model shown in Fig. 2 is 0.58. It should be noted that even the more complex shapes of the relatively low contrast 80 and 90% D 2 O intensity profiles are reproduced very well, giving us confidence that the model is a good representation of the overall solution structure of the holoenzyme. The final F values for the models using either of the RC heterodimer models ranged from 0.56 to 0.64, and there was a clear trend of increasing F values with increasing cylinder length and, hence, smaller radius (e.g. average F values went from 0.56 to 0.64 for models with cylinder radii of 8 and 14 Å, respectively). The F values indicate that the models are in excellent agreement with the scattering data and that the linkers with smaller radii more accurately represent the actual scattering density of the linker regions.
One main class of model structures was produced by CON-TRAST (32) for each RC heterodimer model. A representative model for each of these is presented in Fig. 4 . In both models, the R subunit has a somewhat flattened V-shape where the RC dimers project outward from the D/D domain, consistent with the basic scattering function of the R subunit within the holoenzyme. The separation of the centers of mass of the C subunits of both classes of model is ϳ105 Å, which agrees with the position of the second peak of the P(r) derived from the C subunit basic scattering function. Shown in Fig. 4 is a comparison of the CONTRAST-derived models of the RI␣ homodimer within the holoenzyme and free in solution as derived from SAXS data elsewhere (22) . The models indicate that the cAMPbinding domains rotate outward in the plane of the V shape from the D/D domain upon binding C subunits, resulting in a a R g and d max were determined from the P(r) as discussed under "Materials and Methods." P(r) was determined using the method of Moore (28) . The C subunit pair and R homodimer in holoenzyme values were calculated from the basic scattering functions derived from SANS.
b Data taken from x-ray scattering study of the free RI␣ homodimer (22) . c R and non-myristoylated C subunits are bacterially expressed, and buffer conditions are very similar to those used for the type I␣ holoenzyme d Data from Zhao et al. (19) , which used native myristoylated C subunits and urea-treated R subunits. The precise conformation of the RC structures is somewhat speculative because there is no crystal structure of the RC heterodimer, although both of the RC models (20, 21) were derived from a wide range of experimental data. The holoenzyme models obtained using either RC model were indistinguishable in terms of the goodness-of-fit to the scattering data. This result is expected because, within the overall globular shape of the RC pair, small rotations at the RC interface or about the centers of mass of each fixed heterodimer can be compensated for by small adjustments of other features of the holoenzyme structure. Specifically, we see a difference in the angle between the linker cylinders in the two models.
DISCUSSION
The present study demonstrates for the first time that a significant conformational change within the RI␣ homodimer may be critical for PKA function. We show that inhibition of C subunits is not just a simple docking process but rather involves significant conformational changes within the RI␣ subunit linker region. Conversely, activation is a multi-step process involving not only local conformational changes in the cAMP-binding domains but also conformational changes in the linker region of the RI␣ subunit that impact the global structure of the R homodimer.
These results help us understand the structural basis for the activation of PKA by cAMP. There are at least two sets of interactions between R and C; one set involves the cAMP binding domains of R, and another involves the pseudosubstrate/ inhibitory sequence within the R linker region. Hydrogen/deuterium exchange experiments with RI␣ have shown that cAMP binding to domain A causes a change in solvent accessibility in a helical region known to interact with C (8, 21) without any apparent change in the linker region. Likewise, SAXS data from the isolated RI␣ homodimer show no large change in global structure upon cAMP binding (22) . Our most recent SAXS experiments have shown that the addition of excess cAMP to the type I␣ holoenzyme causes only partial dissociation of the R and C subunits, whereas the addition of cAMP FIG. 3 . Scattering functions for the RI␣ PKA subunits. Basic scattering functions derived from the contrast variation series data are plotted along with the SAXS data for the RI␣ homodimer (A) for comparison and the corresponding P(r) functions (B). The C subunit pair (f), the R homodimer (E), and the cross-term (‚) from the neutron-derived basic scattering functions are shown along with the SAXS data for the free RI␣ homodimer (), which has been offset for clarity. The free RI␣ homodimer SAXS data are taken from another study (22) . Simplified versions of the models shown in Fig. 4 are shown on the right to help visualize which P(r) function represents which subunit within the holoenzyme. For the C subunit basic scattering function, the C subunits within the model to the right are highlighted in black, and the R dimer is in light gray. For the R homodimer basic scattering function, the color scheme is reversed.
plus a peptide substrate results in full dissociation. 2 The addition of peptide substrate alone did not result in any dissociation of the R and C subunits. Our results lead to a structural model for activation in which the binding of cAMP to the holoenzyme causes a local conformational change in the cAMP-binding domains that releases one set of RC contacts without releasing the pseudosubstrate sequence from the active site of C. In this conformational state, a substrate can compete with the pseudosubstrate for the active site of C. The current study extends this model of PKA activation by showing that a conformational change within the R linker region upon binding C alters the interdomain arrangement of the RI␣ homodimer.
We now have a picture in which cAMP binding to the RI␣ holoenzyme, at least when R and C are still bound by the pseudosubstrate sequence, does not cause large conformational changes within the homodimer, allowing for a rapid activation by cAMP in a process where fast kinetics are important. The release of C from R due to the binding of substrate is associated with a large conformational change within the R homodimer. This latter conformational change will be slower than the local conformational change caused by the binding of cAMP alone, thereby ensuring that the re-association of R and C is slow enough to allow a termination of the initial cAMP signal before the reformation of the holoenzyme. The net result would be more specific control of PKA signaling.
The pseudosubstrate inhibitor sequence of the RI␣ isoform was shown previously by time-resolved fluorescence anisotropy to be more ordered than expected for random coil, but still somewhat flexible (14) . Our results indicate that the linker must undergo a significant conformational change upon binding C subunits to allow simultaneous contact of the cAMPbinding domains of R with the C subunits and the pseudosubstrate inhibitor sequence with the catalytic cleft of C. The backbone conformation of the pseudosubstrate sequence bound to the active site of C is very likely to be similar to that of PKI bound to C (33, 34) . As the pseudosubstrate region adopts this conformation, an additional conformational change could be induced within other parts of the linker region that, in turn, affect the interdomain orientation of the homodimer. Likewise, the interactions of the cAMP-binding domains with the C subunit could also induce conformational changes within the linker region. The formation of these two interactions between R and C thus contributes to the extension of the R dimer structure observed in the holoenzyme. This extended structure could lead to the formation of binding sites for additional PKA binding partners. For example, it is interesting to consider the possibility that a particular AKAP might only bind the holoen- FIG. 4 . RI␣ PKA models generated by CONTRAST. A, two views of a representative model generated using the R/C heterodimer model from Anand et al. (21) . Within the R homodimer, the cAMP-binding A domain is turquoise/green, and the cAMP-binding B domain is green. Light gray and dark gray each represent one monomer of the dimerization/docking domain and linker region to illustrate the dimeric property of the subunit. Within the C subunits, the small lobe is orange and the large lobe is red. B, similar views of a representative model produced with the R/C heterodimer model from Tung et al. (20) . The colors are the same as those used in A. C, similar views of the free RI␣ homodimer model derived elsewhere (22) to illustrate the conformational changes within the RI␣ homodimer that occur upon binding C subunits.
zyme and not the free R homodimer, leading to dissociation of the R subunit from the AKAP subsequent to cAMP activation of the holoenzyme and the release of C subunits. Such a mechanism would be an efficient way to effect long term termination of a cAMP signal by dissociating both PKA subunits from a signaling complex.
Our low resolution representation of the linker region as a simple cylinder does not allow us to see direct interaction of the pseudosubstrate sequence with the active site of C, but the models do show that the linkers are in close enough proximity to the C subunits for the two to interact. The models also indicate that the cAMP-binding sites are well exposed to the surrounding solvent, allowing facile access to intra-cellular cAMP. Additionally, the D/D domain is free from steric hindrances that might inhibit its binding to AKAPs. Thus, the models produced by CONTRAST both fit the scattering data and are reasonable with regard to the locations of structures within the complex required for the various known binding interactions.
The models generated here from the scattering data provide templates with which to address the specific nature of the conformational changes occurring in the linker regions that results from binding of the pseudosubstrate sequence of RI␣ to the active site of C. It will be interesting to investigate further the biophysical properties of the linker region to achieve a more detailed understanding of the activation process. A high-resolution RC heterodimer crystal or NMR structure would clearly be of greatest value in further refining the holoenzyme models, and strategies to overcome the impediments to crystallization or size limitations for NMR analysis are critical. In the mean time, additional experimental information such as any distance constraints from NMR, fluorescence resonance energy transfer, or cross-linking would help in further refining these structural models.
Comparison of our results for the type I␣ and type II␣ holoenzymes demonstrate that differences in the sequences of the R subunit linker regions have a profound influence on the global structure of the holoenzyme, in agreement with hydrodynamic studies of chimeric R subunits in which the linker regions of RI␣ and RII␣ were swapped. 3 This large difference is much more than one would expect based on their molecular mass differences (167 kDa for type I␣ holoenzyme versus 171 kDa for type II␣, based on the amino acid sequences of the bovine proteins). A more comprehensive discussion of the structural variations among the PKA R subunit isoforms, along with the functional implications, is presented elsewhere (22) .
Small-angle scattering, especially with neutron contrast variation, provides important information on the overall structural properties of protein complexes in solution and the individual components within them. The extremely powerful approach of comparing a subunit structure free in solution as seen by x-ray scattering, with its conformation within a complex as revealed by neutron contrast variation, provides information about conformational changes not available by other techniques. Combined with structural modeling approaches using high-resolution structures of individual domains, global structural properties and important conformational changes can be characterized, providing a molecular framework to understand structural changes important for cellular signaling.
